Infection of mice with Sindbis virus (SINV) produces encephalomyelitis and provides a model for examination of the central nervous system (CNS) immune response to alphavirus infection. Clearance of infectious virus is accomplished through a cooperative effort between SINVspecific antibody and IFN-g, but the regulatory interactions are poorly understood. To determine the effects of IFN-g on clinical disease and the antiviral immune response, C57BL/6 mice lacking IFN-g (Ifng
INTRODUCTION
Mosquito-borne viruses that produce encephalomyelitis are an increasing worldwide concern as viruses and their arthropod vectors expand into new territories (Griffin, 2010a; Gubler, 2002; Lambrechts et al., 2010; van den Hurk et al., 2009; Weaver & Reisen, 2010) . The New World alphaviruses, which include eastern, western and Venezuelan equine encephalitis viruses, infect neurons and produce encephalomyelitis with varying fatality rates in dead-end hosts such as humans and horses (Griffin, 2013; Steele et al., 2007) . However, humans who survive the initial disease, particularly those infected as infants or children, have a high probability of being left with life-long physical and mental disabilities (Bruyn & Lennette, 1953; Earnest et al., 1971; Finley et al., 1955; Palmer & Finley, 1956; Villari et al., 1995) . Currently, there are no treatments beyond supportive care (Griffin, 2010b) .
Sindbis virus (SINV) is the prototypic alphavirus, and infection of susceptible mice provides a valuable model for studying the pathogenesis of and host immune response to alphavirus infection of the central nervous system (CNS). When C57BL/6 mice are intracranially infected with the nonfatal TE strain of SINV, infectious virus is cleared from the CNS within 7-10 days, although clearance of viral RNA occurs much more slowly and is not complete Metcalf & Griffin, 2011; Tyor et al., 1992) . Determining how the immune response clears infectious virus and prevents reactivation is critical to understanding the pathogenesis of viral encephalomyelitis and identifying potential interventions.
As neurons are a valuable yet finite population of cells with little regenerative capacity, clearance of virus requires noncytolytic mechanisms to avoid neurological damage. While initial control of virus replication is dependent on type I IFN (Burdeinick-Kerr et al., 2007; Byrnes et al., 2000; Frolov et al., 2012) , the adaptive immune response is responsible for later virus clearance. Previous work using severe combined immunodeficiency mice, which are incapable of clearing SINV, has shown that treatment with hyperimmune serum results in successful clearance of infectious virus from all regions of the CNS, indicating a central role for antibody in clearance (Burdeinick-Kerr et al., 2007; Levine et al., 1991) . However, virus clearance from the brain stem and spinal cord can also occur in the absence of antibody and is dependent on the cytokine IFN-g produced by both CD8 + and CD4 + T cells (Binder & Griffin, 2001 ). Mice that lack both antibody and IFN-g clear infectious virus less well than mice deficient in either antibody or IFN-g (Burdeinick-Kerr et al., 2007) , indicating synergistic cooperation between the two in facilitating virus clearance. However, the mechanisms through which this occurs have not been elucidated.
IFN-g exerts its antiviral effects primarily by interacting with the IFN-g receptor and inducing production of IFNstimulated genes (ISGs). The IFN-g receptor, present on neurons, consists of a heterotetramer of the ligand-binding IFN-gR1 and signalling IFN-gR2 subunits (Rottenberg & Kristensson, 2002; Tau & Rothman, 1999) . IFN-g signalling activates Jak kinases to phosphorylate STAT proteins, particularly STAT1, which dimerize, translocate to the nucleus and bind to gamma-associated site elements in the promoters of ISGs (Burdeinick-Kerr et al., 2009) . IFN-g signalling activates over 200 genes with varying functions, resulting in multifaceted modulation of the immune response (Farrar & Schreiber, 1993; Tau & Rothman, 1999) , and plays a vital role in the clearance of other neurotropic infections, including mouse hepatitis virus (MHV), Borna disease virus, herpes simplex virus (HSV), West Nile virus and Listeria monocytogenes (Geiger et al., 1995; Hallensleben & Staeheli, 1999; Jin et al., 2004; Klein & Diamond, 2008; Pearce et al., 1994) . These immunomodulatory functions include effects on immune cell trafficking, T helper cell differentiation, antigen presentation, cytokine and chemokine production, IgG class switching and macrophage activation (Farrar & Schreiber, 1993; Rottenberg & Kristensson, 2002; Samuel, 2001 ), but the processes by which IFN-g specifically regulates the disease manifestations and the immune response during alphavirus encephalomyelitis have not yet been characterized. In these studies, we used mice deficient in either IFN-g (Ifng À/À ) or IFN-gR1 (Ifngr1 À/À ) and show that lack of IFN-g signalling leads to not only less severe clinical disease, but also less efficient entry of antibody-secreting B cells into the CNS and slower virus clearance from the spinal cord.
RESULTS

IFN-g production in the CNS during infection
To examine the role IFN-g plays in the immunopathogenesis and clearance of alphavirus infection of the CNS, production of IFN-g in the brain and spinal cord was first examined. Relative to 0 days post-infection (DPI) controls, mRNA levels in WT B6 mouse brains and spinal cords increased sharply during SINV infection, peaking at 5-7 DPI (Fig. 1a, b) . Expression then slowly decreased, but had not returned to baseline levels at 90 DPI. Ifng expression in Ifngr1 À/À mice was similar to WT B6 mice. IFN-g protein production, as measured by enzyme immunoassay (EIA), also sharply increased in the brain and spinal cord following SINV infection, peaking at 7 DPI in WT B6 mice before decreasing to below detectable limits by 10 DPI (Fig. 1c, d) . In contrast to mRNA expression, amounts of IFN-g protein in the CNS differed between WT B6 and Ifngr1 À/À mice (Fig. 1c) , with the brains of Ifngr1 À/À mice having higher peak levels at 7 DPI. Though the difference in IFN-g production over time in the spinal cord between WT B6 and Ifngr1 À/À mice was not significant (Fig. 1d) , peak production at 7 DPI was higher in Ifngr1 À/À mice. The decrease in IFN-g production was slower in Ifngr1 À/À mice, with protein still detectable at 14 DPI in both the brain and spinal cord. These data suggest that while mRNA expression of IFN-g does not differ in the CNS between WT B6 and Ifngr1 À/À during SINV infection, impaired IFN-g signalling results in either increased protein production or decreased protein consumption.
Clearance of infectious virus from the brain and spinal cord
Levels of infectious virus in the brains (Fig. 1e ) and spinal cords (Fig. 1f ) of WT B6, Ifngr1 À/À and Ifng À/À mice measured by plaque assay peaked with similar titres at 1-3 DPI. Clearance from brain was similar, but complete clearance from the spinal cord was delayed in the absence of IFN-g signalling. While infectious virus titres were below detectable levels in WT B6 spinal cords by 7 DPI, infectious virus was still detected in Ifngr1 À/À and Ifng À/À mice. In both tissues of all three strains, infectious virus was periodically detected in individual mice through 28 DPI, but only consistently detectable in the brains of Ifngr1 À/À mice at 21 DPI. This is likely due to virus reactivation, but could reflect persistence of infectious virus in individual mice. These data show that IFN-g signalling is important in clearance of infectious virus, particularly from the spinal cord, and that for 2-3 weeks after initial clearance, detectable replicating virus is common.
Clinical manifestations of alphavirus encephalomyelitis
To assess the clinical disease produced by nonfatal SINV infection in Ifngr1 À/À and Ifng À/À mice compared to WT B6 mice, animals were weighed and evaluated for signs of encephalomyelitis (a combination of abnormal posture and gait) daily. Ifngr1 À/À and Ifng À/À mice developed clinical signs earlier than WT B6 mice ( Fig. 2a; Significant strain-dependent differences in body weight change were seen during infection ( Fig. 2b ; P<0.01, twoway ANOVA). WT B6 mice lost approximately 13 % of their initial body weight, reaching a nadir at 8 DPI, before recovering and surpassing their 0 DPI body weight by 17 DPI. In contrast, Ifngr1 À/À and Ifng À/À mice lost only an average of 7 and 1 % of their initial body weight, respectively, with a nadir at 6 DPI before recovering and To determine the cause of the weight loss in SINV-infected mice, two parameters were measured: body temperature and feed intake. Body temperature did not increase or decrease with SINV infection, fluctuating only about 0.5 C throughout the first 14 DPI (Fig. 2c) . When normalized to mock-infected strain controls at each day and then to the amount of food consumed at 0 DPI, all three strains decreased their feed intake during the first week following infection (Fig. 2d) . However, while Ifngr1 À/À and Ifng À/À mice increased the amount of feed they consumed starting at 7 DPI, WT B6 mice continued to show a decrease in daily consumption through 8 DPI. These patterns coincided with the times during which mice of each strain lost or regained body weight. Based on these data, the differences in body weight change among strains can likely be attributed to differences in appetite suppression following infection.
Cytokine expression and production in the brain
The immune response to CNS infection can be neurotoxic and exacerbate clinical disease (Kimura & Griffin, 2003) .
To determine how IFN-g modulated production of cytokines in the CNS, mRNA expression was examined by quantitative PCR and protein production by ELISA and compared to mock-infected controls (Fig. 3) . WT B6 mice produced the most IFN-a ( Fig. 3a) and IFN-b (Fig. 3b) , with levels peaking at 3 DPI. Production was impaired in Ifngr1 À/À and Ifng À/À mice, but IFN-a and IFN-b were produced earlier in Ifng À/À mice than the other two strains. Following peak production in WT B6 mice, IFN-a levels quickly decreased, but production of IFN-b declined more slowly (Fig. 3b) . IFN-b production was diminished in mice with impaired IFN-g signalling, with levels only detectable at 1 and 5 DPI in Ifng À/À and Ifngr1 À/À brains, respectively. Therefore, IFN-g signalling affected not only the amounts of IFN-a and IFN-b produced in brains during SINV infection, but also the time during which maximum amounts were made, corresponding with peak infectious virus levels.
At 7 DPI, when WT B6 mice are clearing infectious virus (Fig. 1e ) but are still losing weight (Fig. 2b) , expression of Tnf (Fig. 3d) , Csf2 (Fig. 3e) and Il6 (Fig. 3f ) mRNAs was higher in the brains of WT B6 mice than Ifngr1 À/À or Ifng À/À mice. Il1b expression was also highest in WT B6 mice ( Fig. 3g ) and was lower in Ifng À/À mice at 7 DPI than either WT B6 or Ifngr1 À/À mice. Some strain-dependent variability was present in baseline expression of cytokine mRNAs, but normalization to uninfected WT B6 mouse brains only affected the significance of the difference between WT B6 and Ifng À/À Il1b expression at 7 DPI (data not shown).
Overall, TNF-a protein production ( Fig. 3c ) corresponded to Tnf mRNA expression (Fig. 3d) , although increases in protein were not as large as the increases in mRNA. TNF-a levels peaked earlier and at lower levels in mice with impaired IFN-g signalling, with Ifng À/À mice having lower protein levels at 5 DPI and WT B6 mice having higher protein levels at 7 DPI. TNF-a protein production also indirectly followed trends in weight loss during infection (Fig. 2b) , with increasing levels coinciding with periods of weight loss. Decreasing TNF-a protein levels corresponded with increases in body weight in WT B6 and Ifngr1
Effect of IFN-g signalling on SINV-specific antibody production IFN-g and antibody against the E2 glycoprotein work synergistically to facilitate virus clearance (Burdeinick-Kerr et al., 2007) . To determine whether IFN-g influenced antibody production, SINV-specific IgM and IgG were measured in the sera, brains and spinal cords of WT B6, Ifngr1
À/À and Ifng À/À mice. Impaired IFN-g signalling had little effect on antibody levels in the serum (Fig. 4a, b) , with IgM peaking at 5 DPI before dropping below baseline levels by 14 DPI (Fig. 4a ) and IgG steadily rising through 90 DPI in all strains (Fig. 4b) . In contrast, SINV-specific antibody production in the brain differed over time ( Fig. 4c, d ). IgM levels were higher in WT B6 brains at 10 and 14 DPI (Fig. 4c ). IgG levels increased in the brains of all three strains up to 14 DPI, when levels plateaued in Ifngr1 À/À and Ifng À/À mice ( Fig. 4d ), but continued to increase in WT B6 mice through 21 DPI and remained significantly higher than in Ifngr1
and Ifng À/À mice through 90 DPI. These differences in local antibody production among strains were confirmed by an additional independent experiment examining SINV-specific IgG levels in serum and brain collected at late time points.
Similar to brains, SINV-specific antibody production in the spinal cord differed (Fig. 4e, f) . IgM levels were higher in WT B6 spinal cords at 10 and 14 DPI (Fig. 4e) . IgG levels increased through 90 DPI, with Ifngr1 À/À and Ifng À/À mice having significantly lower amounts than WT B6 mice at 21, 28 and 90 DPI (Fig. 4f) . Therefore, IFN-g signalling did not affect the antibody response in the periphery, but substantially affected production of SINV-specific IgM and IgG at the CNS sites of infection.
Mice have four IgG subclasses: IgG1, IgG2a, IgG2b and IgG3 (Fahey et al., 1964; Grey et al., 1971; Nussenzweig et al., 1964) . Because overall production of SINV-specific IgG in the brain was affected by impaired IFN-g signaling, we next examined the effects on individual IgG subclasses (Fig. 5 ). IgG1 levels did not markedly differ between strains (Fig. 5a ). IgG2a and IgG2b levels, in contrast, followed a similar pattern to overall IgG, with antibody production continuing to increase in WT B6 mice while plateauing in Ifngr1 À/À and Ifng À/À mice ( Fig. 5b, c ). IgG2a levels were higher in WT B6 mice at 14 DPI (Fig. 5b) , and IgG2b production reached higher levels in WT B6 mice at 21 DPI (Fig. 5c ). SINV infection only induced production of IgG3 transiently in the brains of WT B6 mice at 14 DPI (Fig. 5d) . Therefore, impaired IFN-g signalling during SINV infection did not affect serum antibody levels or alter IgG subclass switch, but rather impaired IgM, IgG2a and IgG2b antibody production in the CNS.
Effects on recruitment and maturation of B cells in the brain
Production of SINV-specific antibody in the nervous system depends on recruitment of B cells into the CNS that proliferate and differentiate into antibody-secreting cells (ASCs) and become resident in the CNS (Metcalf & Griffin, 2011; Metcalf et al., 2013) . To determine whether IFN-g signalling affected production or recruitment of B cells during SINV infection, CD19 + B cells were quantified in the cervical lymph nodes (CLNs) and brain. In CLNs, the draining lymph nodes for the brain, neither the percentage nor absolute number of B cells was significantly affected by impaired IFN-g signalling (Fig. 6a) . In contrast, the percentage of live cells at 10 DPI and absolute number of B cells at 7 and 10 DPI in the CNS were lower in Ifngr1 À/À and Ifng À/À mice than WT B6 mice (Fig. 6b) . Therefore, while IFN-g did not affect the induction or proliferation of CD19 + B cells in response to SINV infection in lymphoid tissue, it did affect recruitment of these cells to the CNS.
To further evaluate the infiltration of B cells into the CNS during SINV infection, B220+ cells in the brains of mockinfected and SINV-infected mice were examined by immunohistochemistry (IHC). At 7 DPI in WT B6 mouse brains, B220+ cells were primarily in perivascular cuffs, particularly along the lateral ventricles and choroid plexus; whereas in Ifngr1 À/À and Ifng À/À mice, B220+ cells were more commonly distributed throughout the brain parenchyma (Fig. 6c) . At 28 DPI, B220+ cells were still present in perivascular cuffs in WT B6 mouse brains, but were only occasionally seen in mice with impaired IFN-g signalling, similar to mock-infected control mice. Quantification of B220+ cells showed that brains of WT B6 mice had more B220+ cells than Ifngr1 À/À or Ifng À/À mice and that B cell numbers decreased in all strains by 28 DPI (Fig. 6d) .
To evaluate the effect of IFN-g signalling on ASC differentiation, expression of CD38 and CD138 on B cells was examined by flow cytometry (Fig. 7) (Fig. 7a, d ), few proliferating plasma cells and plasmablasts (Fig. 7b, e) and even fewer terminally differentiated plasma cells (Fig. 7c, f) were present in the CLNs at 7 and 28 DPI. In the brain, most B cell lineage cells were also CD138 À (Fig. 7g) , but there were fewer proliferating plasma cells and plasmablasts (Fig. 7h ) than terminally differentiated plasma cells (Fig. 7i ). While as a percentage of live cells, more CD138
À B cells and proliferating plasma cells/plasmablasts were present in the brain at 28 DPI than 7 DPI, in absolute numbers (Fig. 7j-l) , there were fewer cells in the brain at 28 DPI. As a percentage of live cells, CD138 À B cells (Fig. 7g) and proliferating plasma cells/plasmablasts (Fig. 7h) were lower in mice with impaired IFN-g signalling at 28 DPI. The absolute number of CD138 À B cells at 7 DPI (Fig. 7j) and of all three cell subsets at 28 DPI tended to be lower in Ifngr1 À/À and Ifng À/À mice compared to WT B6 mice.
B cell chemokine and growth factor mRNA expression in the brain
To determine whether the reduced B cell recruitment into the CNS was due to lower chemokine production, brain chemokine mRNA levels were measured. Preliminary data obtained by PCR array on brain mRNAs from 7 DPI identified several differentially expressed chemokine genes that were then selected for further study. Ccl1 expression (Fig. 8a ) increased more in Ifng À/À mice compared to both WT B6 and Ifngr1 À/À mice at 5, 7 and 10 DPI, but this was almost entirely due to lower baseline Ccl1 mRNA levels in these mice. When compared to the baseline levels for uninfected WT B6 mice, the peak fold increase in expression at 7 DPI was 82 rather than 458 in the brains of Ifng À/À mice. In contrast, for the other chemokine mRNAs examined, WT B6 mice had higher 7 DPI mRNA expression of Ccl2 (Fig. 8b) , Ccl5 (Fig. 8c) , Cxcl9 (Fig. 8d) , Cxcl10 (Fig. 8e) and Cxcl13 (Fig. 8f) mice at 7 and 10 DPI (Fig. 8g) and likely indicates that brains of mice with intact IFN-g signalling provide a more favourable environment for long-term survival of ASCs.
DISCUSSION
Clearance of infectious virus is accomplished through a cooperative effort between SINV-specific antibody and IFN-g, and these studies have demonstrated interactions between these two effector mechanisms that affect clinical disease and virus clearance. Onset of clinical disease was earlier in mice with impaired IFN-g signalling, but these mice had lower CNS levels of IFN-a, IFN-b and TNF-a and lost less weight than WT B6 mice. Chemokine induction, B cell recruitment and antiviral antibody production within the CNS were also reduced in Ifngr1 À/À and Ifng À/À mice. Therefore, lack of IFN-g signalling improved clinical disease by lowering levels of CNS pro-inflammatory cytokines, but impaired the local humoral response to SINV infection by decreasing chemokine and growth factor production important for infiltration and retention of antibody-secreting B cells into the CNS. These findings highlight the multifaceted effects of IFN-g during virus infection and the trade-offs exerted by inflammatory responses in the CNS.
A number of studies have examined the effects of IFN-g signalling on neurologic disease using Ifng À/À or Ifngr1 V. K. Baxter and D. E. Griffin in more severe demyelinating disease and increased lymphocyte infiltration (Krakowski & Owens, 1996; Pewe et al., 2002; Willenborg et al., 1996) . Mice deficient in both IFNa/b and IFN-g receptors infected with dengue virus are more likely to develop lethal paralysis and systemic disease than mice deficient in IFN-a/b receptor alone (Prestwood et al., 2012) . Furthermore, neutralization of IFN-g in influenza A virus (IAV)-infected mice results in increased weight loss (Teijaro et al., 2010) . These studies all indicate that IFN-g is protective against pathogen-induced clinical disease.
In our studies, Ifngr1 À/À and Ifng À/À mice actually lost less weight than WT B6 mice before recovering, indicating that IFN-g exacerbated clinical disease during nonfatal alphavirus encephalomyelitis. Ifng À/À mice infected with WNV are protected from developing limbic seizures after administration of N-methyl-D-aspartate or kainic acid compared to WT B6 mice, indicating an important role for IFN-g in regulating the excitatory seizure pathway (Getts et al., 2007) . Glutamate is the major excitatory neurotransmitter and glutamate excitotoxicity linked to local production of TNF-a is implicated in SINV-induced neurologic disease (Carmen et TNF-a may also be involved in the weight loss that accompanies SINV CNS infection. IFN-g signalling significantly increased expression of several pro-inflammatory cytokine genes, including Tnf, Csf2, Il1b and Il6. These genes can be expressed by both infiltrating leukocytes and activated resident microglia to contribute to immune cell recruitment and CNS pathological changes (Griffin, 2003) . Upregulation of these genes, particularly Tnf, provides a possible explanation for the decreased appetites leading to weight loss seen in WT B6 mice compared to Ifngr1 À/À and Ifng À/À mice (Fehr et al., 2015; Feuerstein et al., 1994) . TNF-a mediates cachexia and weight loss during chronic diseases such as cancer, and pro-inflammatory cytokines, particularly TNF-a and IL-1b, are implicated in central control of appetite during infection (Langhans, 2000; Langhans & Hrupka, 1999; Plata-Salam an, 1996) . In this study, TNF-a protein in the brain was inversely correlated with weight loss in each mouse strain, with decreasing levels of TNF-a corresponding to increasing body weights. Therefore, weight loss induced during alphavirus encephalomyelitis may be mediated through TNF-a-dependent mechanisms.
IFN-g affects production of the type I IFNs, IFN-a and IFN-b. Levels of IFN-a and IFN-b were lower in the brains of Ifngr1 À/À and Ifng À/À mice compared to WT B6 mice at serve as a reminder that the two strains are not equivalent and suggest that some IFN-g signalling occurs in Ifngr1 À/À mice, either through the mutated receptor or by another mechanism (Kotenko et al., 1995; Lee et al., 2013; Leon et al., 2006; Soh et al., 1994) .
Local production of type I IFNs is important for the initial control of virus replication, and mice deficient in type I IFN signalling are highly susceptible to many neurotropic viruses (Burdeinick-Kerr et al., 2007; Byrnes et al., 2000; Grieder & Vogel, 1999; Ireland et al., 2008; Müller et al., 1994) . During alphaherpesvirus infection of the peripheral nervous system, IFN-b activates a local antiviral response in axons, whereas IFN-g induces p-STAT1 accumulation at more distant locations within the neuronal cell body, demonstrating distinct yet cooperative mechanisms by which two different IFNs control virus infection (Song et al., 2016) . Type I and II IFNs induce many overlapping ISGs and produce a synergistic antiviral effect against viruses such as LCMV, MHV, IAV and encephalomyocarditis virus (Fuchizaki et al., 2003; Kimura et al., 1994; Levy et al., 1990; Matsumoto et al., 1999; Müller et al., 1994; Stifter et al., 2016) . Infection of Ifng À/À mice with pneumonia virus of mice results in reduced expression of types I and III IFNs and 2¢,5¢-oligoadenylate synthetases, ISGs stimulated by both type I IFNs and IFN-g (Glineur et al., 2014) . Therefore, in addition to the effects directly produced by IFN-g, the dysregulation of type I IFNs due to altered IFN-g signalling likely also has a profound effect on the immune response. For example, mRNA expression of Cxcl10, which can be induced by both types I and II IFNs (Cole et al., 1998) , was higher in brains of Ifng À/À mice at 1 DPI compared to WT B6 and Ifngr1 À/À mice, correlating with increased levels of IFN-a and IFN-b. In contrast, mRNA expression of Cxcl9, which is preferentially induced by IFNg (Farber, 1990) , was similar among all three strains at 1 DPI. Differences in basal type I IFN levels among mice with impaired IFN-g signalling can also affect baseline ISG expression. Further examination of the ISGs induced by both type I and II IFNs in WT B6, Ifngr1 À/À and Ifng À/À mice during nonfatal alphavirus encephalomyelitis is warranted.
Expression of several chemokine mRNAs was more upregulated in the brains of WT B6 mice than Ifngr1 À/À and Ifng À/À mice, including Ccl2, Ccl5, Cxcl9, Cxcl10 and Cxcl13. CCL2, CCL5, CXCL9 and CXCL10 all play important roles in microglial activation and leukocyte migration into the CNS during flavivirus, alphavirus and coronavirus infections and during experimental autoimmune encephalomyelitis (EAE) (Bardina et al., 2015; Hussmann & Fredericksen, 2014; Kulcsar et al., 2015; Lee et al., 2013; Metcalf et al., 2013; Palus et al., 2013; Phares et al., 2013; Quick et al., 2014; Tran et al., 2000; Trujillo et al., 2013) . CXCL9 and CXCL10 in particular are important for chemotaxis of B cells into the brain during SINV infection, and CXCL13 is important in non-lymphoid tissue formation of B cell follicles for local antibody production (Metcalf et al., 2013) . Furthermore, expression of CXCR3, the receptor for CXCL9 and CXCL10, on ASCs is necessary for proper trafficking to the CNS but not bone (Gil-Cruz et al., 2012; Marques et al., 2011) . mRNA expression of the chemokine CCL1, which attracts granulocytes, monocytes, NK cells and regulatory T cells and is generally associated with a Th2 response (Colantonio et al., 2002; D'Ambrosio et al., 1998; Miller & Krangel, 1992) , was significantly elevated in Ifng À/À mouse brains during SINV infection. While the impact of this difference is likely moderated by lower endogenous levels of Ccl1 in Ifng À/À mice compared to WT B6 and Ifngr1 À/À mice, IFN-g-deficient MRL mice infected with Borna disease virus also have increased brain Ccl1 expression, leading to impaired infiltration of eosinophils, and IFN-g-deficient SJL/J mice have increased Ccl1 spinal cord expression during induction of EAE (Hausmann et al., 2005; Tran et al., 2000) .
Interestingly, the magnitude and duration of IFN-g and TNF-a protein production did not match that of Ifng or Tnf gene expression in the brain during SINV infection. This dichotomy has previously been seen with IFN-g in alloactivated T cells treated with anti-CD4 and TNF-a in macrophages infected with IAV (Lehmann et al., 1996) . Both of these cytokines are controlled at both the post-transcriptional and post-translational levels through mechanisms such as mRNA stability, decay and localization, controlled access to translational proteins and protein folding and sequestration in the endoplasmic reticulum (Hodge et al., 2002; Raghavan et al., 2002; Sawitzki et al., 2004; Stamou & Kontoyiannis, 2010; Young & Bream, 2007) . This phenomenon also applies to ISGs, so examination of both mRNA expression and protein levels is required to fully understand the cytokine and chemokine response to viral infections.
CNS damage observed during fatal alphavirus encephalomyelitis is primarily immune mediated, rather than directly due to the virus; infiltrating T cells in particular are responsible for inducing neuronal cell death (Charles et al., 2001; Kulcsar et al., 2014 Kulcsar et al., , 2015 Rowell & Griffin, 1999 , 2002 . As the quintessential pro-inflammatory cytokine, IFN-g plays a multifactorial role in modulation of the immune response during infection, and different virus infections elicit diverse T cell responses via IFN-g signalling. During neuroadapted SINV (NSV) infection, Ifngr1 À/À mice have increased CD3
+ and CD4 + T cells infiltrating the brain at 7 DPI (Lee et al., 2013) . Increased mortality in Ifngr1 À/À and Ifng À/À mice during EAE is attributed to IFN-g-mediated suppression of the CD4 + T cell response, which facilitates EAE-induced pathology (Chu et al., 2000) . When mice are infected with a recombinant rabies virus encoding IFN-g, fewer CD8
+ T cells infiltrate the cortex and cerebellum and CD8 + T cells are increased in Ifng À/À mice infected with vaccinia virus (Barkhouse et al., 2015; Remakus & Sigal, 2011) . The mechanism by which IFN-g decreases cytotoxic lymphocyte generation is postulated to be due to limitation of IL-2 production, creating a negative feedback loop (Dalton et al., 1993; Hidalgo et al., 2005) . Alternatively, mouse mammary tumour virus infection of Ifngr1 À/À mice results in no change in CD8 + T cell, CD4 T cell or B cell numbers in lymph nodes, nor any difference in virus titres (Maillard et al., 1998) , and Ifng À/À mice show no difference in CD4 + or CD8 + T cells in the spinal cord following infection with Theiler's murine encephalomyelitis virus (Rodriguez et al., 2003) . Although less extensively studied during fatal alphavirus encephalomyelitis, macrophage recruitment in response to JHMV and LCMV infection in the CNS is also affected by IFN-g signalling Lin et al., 2009; Pewe et al., 2002; Savarin & Bergmann, 2008) . Monocyte/macrophage and T cell responses during nonfatal alphavirus encephalomyelitis deserve further examination.
Persistent viral RNA poses the potential for virus reactivation and relapse of clinical disease. Because the local presence of long-term ASCs coincides with persistent viral RNA during SINV infection, antibody likely plays an important role in the prevention of virus reactivation (Metcalf & Griffin, 2011; Tyor et al., 1992) . Studies examining viral RNA levels in Ifngr1 À/À and Ifng À/À mice are warranted to better understand the role of IFN-g signalling in clearance of viral RNA and the effect of local antibody presence on virus persistence.
BAFF is an IFN-g-induced TNF family member protein that is essential for plasma cell maintenance in the bone marrow (Benson et al., 2008) and is produced by astrocytes in the brain (Krumbholz et al., 2005; Thangarajh et al., 2007) . Although both BAFF and IFN-g-independent proliferation-inducing ligand are upregulated during some CNS infections Tschen et al., 2006) , only BAFF mRNA is increased in the brain during alphavirus infection, along with BAFF receptor expression on B cells infiltrating the brain (Metcalf et al., 2013) . Expression of BAFF mRNA was lower in the absence of IFN-g signalling, suggesting a less supportive environment for ASC differentiation and survival than in WT B6 animals.
Antibody is necessary for successful clearance of several viruses, including respiratory syncytial virus, norovirus, haemagglutinating encephalomyelitis virus, mouse polyoma virus, JHMV and rabies virus (Chachu et al., 2008; Dietzschold, 1993; Hirano et al., 2006; Hooper et al., 2009; Prince et al., 1990; Ramakrishna et al., 2003; SzomolanyiTsuda & Welsh, 1996) . Previous mouse studies have shown that clearance of infectious SINV is accomplished cooperatively between anti-SINV antibody and IFN-g. Passive transfer experiments have shown that small amounts of antibody are sufficient for virus clearance and antibody, particularly IgM, is most efficiently delivered by ASCs in the CNS. As previously shown, production of SINV-specific IgM and IgG subclasses in serum did not significantly differ among WT B6, Ifngr1 À/À and Ifng À/À mice (Burdeinick-Kerr et al., 2007) . However, SINV-specific IgM, IgG, IgG2a and IgG2b in the CNS were decreased in Ifngr1 À/À and Ifng À/À mice compared to WT B6 mice. Effects on subclass distribution are consistent with observations that Th1 cells producing IFN-g induce IgG subclass switching towards IgG2a, while Th2 cells producing IL-4 and IL-13 promote subclass switching towards IgG1 and away from IgG2a (Snapper & Paul, 1987; Stevens et al., 1988) . IgG1 levels were significantly higher in the brains of Ifngr1 À/À mice compared to Ifng À/À mice at 21 DPI, and while both Ifngr1 À/À and Ifng À/À mice were previously found to have higher serum IgG1 levels compared to WT B6 mice (Burdeinick-Kerr et al., 2007) , exploration of the T cell response during SINV TE infection and its effect on the anti-SINV antibody response in the context of IFNg signalling would help further explain our findings.
Because the numbers of B cells were lower in the brains of mice with impaired IFN-g signalling, the effects of IFN-g signalling on antibody are likely due to differences in local B cell production of anti-SINV antibody during infection. At 28 DPI, when SINV-specific antibody levels were significantly lower in Ifngr1 À/À and Ifng À/À mice, WT B6 mice had more B220+ cells as evaluated by IHC and more CD138
À B cells and proliferating plasma cells/plasmablasts as evaluated by flow cytometry residing in the brain compared to Ifngr1 À/À and Ifng À/À mice. Type I IFN also enhances primary antibody production and influences IgG isotype switching, making it an important adjuvant in inducing immunological memory (Coro et al., 2006; Finkelman et al., 1991; Le Bon et al., 2001 Swanson et al., 2010) . The reduced IFN-a and IFN-b production in the brains of Ifngr1 À/À and Ifng À/À mice adds another mechanism by which IFN-g signalling can affect the humoral immune response to SINV infection.
In our studies, ASCs, designated as CD19 + CD138 + (proliferating plasma cells and plasmablasts) or CD19 À CD138 + (terminally differentiated plasma cells), decreased in number in the brains of SINV-infected mice from 7 to 28 DPI, despite progressively increasing levels of IgG in the CNS. These results, plus previous studies that showed increasing numbers of SINV-specific ASCs (Metcalf & Griffin, 2011) , are indicative of continued selection for ASCs producing relevant virus-specific antibody during maturation of the local CNS immune response.
Expression of chemokine mRNAs Cxcl9, Cxcl10 and Cxcl13, which are all important for inducing migration and promoting survival of ASCs during neurotropic viral infections (Metcalf et al., 2013; Phares et al., 2016) , were reduced in Ifngr1 À/À and Ifng À/À mouse brains compared to WT B6 mice. Therefore, IFN-g-induced expression of B cell-associated chemokines affects migration and maintenance of ASCs in the CNS, and thus local production of antibody. The promotion of local antibody production by IFN-g provides a mechanism by which IFN-g and SINV-specific antibody cooperatively clear infectious SINV from the CNS and highlights the multifaceted role IFN-g plays in modulating the immune response during alphavirus encephalomyelitis.
METHODS
Virus infection of mice. Stocks of the TE strain of SINV were grown and assayed in BHK-21 cells (Lustig et al., 1988) . Four to six week old C57BL/6 mice (WT B6), mice deficient in IFN-g receptor 1 (Ifngr1 Clinical evaluation of mice. Mice were weighed daily and evaluated for signs of encephalomyelitis, characterized by kyphosis, abnormal gait and paresis. For food intake studies, mice were housed in groups of two or three and total feed weight was recorded daily. The amount of feed consumed per day per mouse was calculated and normalized to that of mock-infected controls. Body temperature was measured rectally using a Physitemp Thermalert TH-5 with a RET-3 rectal probe. Investigators were blinded to the strain and infection status of mice, and evaluations were conducted at the same time each day.
Quantification of infectious virus. Left brain hemispheres were placed in Lysing Matrix A tubes (MP Biomedicals) and 20 % w/v homogenates made using ice-cold PBS. Whole spinal cords were handled similarly to make 10 % w/v homogenates. Tissues were dissociated using a FastPrep-24 homogenizer (MP Biomedicals) at 6 m s À1 for 40 s and clarified by centrifugation for 15 min at 13 200 r.p.m. at 4 C. Supernatant fluids were collected and stored at À80 C. Infectious virus was quantified by plaque assay on BHK cells. For samples in which plaques could not be detected, a titre value of half of the limit of detection for that assay was assigned.
mRNA measurement by real-time PCR. Right brain hemispheres and whole spinal cords from at least three individual mice per strain per time point were homogenized in Lysing Matrix E tubes as above. A Qiagen RNeasy Lipid Tissue Mini kit (Valencia) was used to isolate RNA, and cDNA was synthesized using a High Capacity cDNA Reverse Transcription kit with random primers (Life Technologies). Preliminary gene expression data in mouse brains at 7 DPI were obtained using the Mouse Innate & Adaptive Immune Responses RT 2 Profiler PCR Array (SABiosciences) according to manufacturer's instructions. Quantitative real-time PCR examining selected individual genes was performed using TaqMan Universal PCR Master Mix (Roche) on a 7500 Fast Real-Time PCR System (Applied Biosystems) and commercially available TaqMan gene expression assays (Integrated DNA Technologies or Applied Biosystems). Results were analysed using Sequence Detection software, version 1.4 (Applied Biosystems). Relative quantification was performed by the DDC t method using endogenous mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA for normalization.
Protein quantification by enzyme immunoassay. IFN-a, IFN-b, IFN-g and TNF-a levels in 20 % w/v brain homogenates and 10 % w/v spinal cord homogenates were quantified by EIA. VeriKine Mouse Interferon Alpha and Interferon Beta ELISA kits (PBL Interferon Source) were used to measure type I IFN. IFN-g and TNF-a were measured using the mouse IFN-g and TNF-a Ready-SET-Go! kits (eBioscience). Brain homogenates tested were diluted 1 : 2 for type I IFNs, 1 : 4 for IFN-g and undiluted for TNF-a. Spinal cord homogenates were diluted 1 : 2 for the IFN-g EIA. Assays were performed according to manufacturers' instructions, and data are presented as picograms per gram tissue. The IFN-a and TNF-a cytokine levels were too low to be interpolated by the standard curve for a few samples. In these cases, samples were assigned a value of 10 and 15 pg g À1 , respectively, equal to approximately half of the lowest interpolated value.
Anti-SINV antibody was measured in sera, brain homogenates and spinal cord homogenates using an in-house EIA. MaxiSorp 96-well plates (Thermo Scientific Nunc) were coated with 10 6 p.f.u. PEG-purified IP: 54.70.40.11
On: Sat, 27 Jul 2019 17:57:57 SINV in coating buffer (50 mM NaHCO 3 , pH 9.6) and incubated overnight at 4 C. Plates were blocked with PBS-0.05 % Tween 20 + 10 % FBS (PBST-10 % FBS) for 2 h at 37 C. Samples diluted in PBST-10 % FBS (1 : 100 for serum, 1 : 4 for brain homogenates and 1 : 2 for spinal cord homogenates) were added and incubated overnight at 4 C. Washed wells were incubated with 1 : 1000 HRP-conjugated goat antimouse IgG2a, IgG2b or IgG3 or 1 : 2000 HRP-conjugated goat anti-mouse IgM, IgG or IgG1 (Southern Biotech) for 2 h at room temperature, and plates were developed with a BD OptEIA TMB Substrate Reagent kit using 2 M H 2 SO 4 as stop solution. Plates were read at 450 nm, and OD values for mock-infected mice of each strain were subtracted from the OD values of infected mice.
Mononuclear cell isolation. Single cell suspensions were prepared from CLNs and brains pooled from two to seven mice per strain per time point. CLNs were dissociated in RPMI + 1 % FBS using gentle-MACS C tubes and Dissociator (Miltenyi Biotec) and filtered through a 70 µm pore size cell strainer. Cells were pelleted by centrifugation and red blood cells were lysed using ammonium chloride (Sigma-Aldrich). Remaining cells were filtered through another 70 µm strainer, pelleted by centrifugation and resuspended in PBS + 2 mM EDTA (PE buffer) for counting. Brains were placed in RPMI containing 1 % FBS, 1 mg ml À1 collagenase D (Roche) or 0.5 mg ml À1 collagenase IV (Worthington Biochemical) and 0.1 mg ml À1 DNase I (Roche) and dissociated in C tubes using a gentleMACS Dissociator. Tissues were incubated for 30 min at 37 C with periodic agitation and dissociated cells were filtered through a 70 µm pore size cell strainer and pelleted by centrifugation. Cell pellets were resuspended in 30 % supplemented Percoll [9 : 1 Percoll (GE Healthcare): 10Â salt solution of 80 g NaCl, 3 g KCl, 0.73 g Na 2 HPO 4 , 0.2 g KH 2 PO 4 and 20 g glucose in 1 l dH 2 O] in RPMI in a 15 ml conical tube and underlaid with 70 % supplemented Percoll in RPMI. Tubes were centrifuged at 850 g at 4 C for 30 min with slow braking and cells were collected from the 30/70 % interface. Cells were washed and resuspended in PE buffer for counting. Live mononuclear cells were identified by trypan blue exclusion.
Flow cytometry. In the wells of a 96-well round bottom plate, 10 6 live cells were placed. A violet LIVE/DEAD fixable dead cell stain (Life Technologies) diluted in PE buffer was added followed by incubation with anti-mouse CD16/CD32 (BD Pharmingen) diluted in PE buffer to block Fc receptors. Cells were stained with mAbs against CD45 (clone 30-F11), CD3 (clone 17A2), CD19 (clone 1D3), CD38 (clone 90) and CD138 (clone 281-2) from eBioscience or BD Pharmingen diluted in PBS + 2 mM EDTA + 0.5 % BSA (FACS buffer) for 30 min on ice. Cells were run on a BD FACSCanto II cytometer using BD FACSDiva software, version 8, and analyses used FlowJo software, version 8. All flow cytometry data are averaged representations of two or three independent experiments.
Immunohistochemistry. Following euthanasia, mice were perfused with PBS followed by 4 % paraformaldehyde, and brains were removed. Brains were cut into three coronal sections using an Adult Mouse Brain Slicer (Zivic Instruments), fixed overnight in 4 % paraformaldehyde at 4 C and embedded in paraffin. Ten micrometre sections were deparaffinized, hydrated and boiled in 0.01 M sodium citrate for antigen retrieval. Endogenous peroxidases were quenched with 3 % H 2 O 2 in methanol, and slides were blocked in 10 % normal goat serum (NGS). Slides were incubated with rat anti-CD45R/B220 (ab64100, diluted 1 : 200 in PBS + 5 % NGS + 0.04 % Triton-X; Abcam) for 1 h, biotinylated anti-rat IgG (diluted 1 : 300 in PBS + 5 % NGS + 0.04 % Triton-X; Vector Labs) for 30 min, and avidin-biotin complex (VECTASTAIN Elite ABC kit; Vector Labs) for 40 min and were developed in 3,3¢-diaminobenzidine (Vector Labs) for 8 min. Tissues were counterstained in haematoxylin, dehydrated and mounted with Permount (Fisher Scientific). After coding the slides to blind the quantifier, B220+ cells, as determined by brown cellular staining, were counted in the centre coronal section (containing hippocampus, midbrain and cortex) of each brain. Brains collected from uninfected, PBS-inoculated mice at 3 and 5 DPI and from SINV-infected mice at 7 and 28 DPI were evaluated.
Statistics. Statistical analyses were performed using GraphPad Prism 6 software. Time-course studies were analysed by two-way ANOVA with Bonferroni's or Tukey's multiple comparison post-test for two group and three group comparisons, respectively. Three outliers were identified in the IFN-g protein brain data by the ROUT method with a Q=1 % and removed from analyses (one data point each for WT B6 at 3 and 7 DPI and for Ifngr1 À/À at 21 DPI). One outlier was identified at 11 DPI in the Ifngr1 À/À group of the feed intake study by the same method and was removed from analysis. A P-value of <0.05 was considered significant.
